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Introduction
Evidence that garlic derivatives could be employed in the treatment of cancer and other human diseases has been now widely provided. In fact, they are effective in promoting cell cycle arrest and apoptosis in several cancer cells [1] , in increasing vasodilatation and inhibiting platelet aggregation and cholesterol synthesis [2] . When garlic is minced or crushed, enzymatic activity of allinase converts its major constituent alliin into allyl sulphur components [3] , which are thought to be responsible for its flavour and aroma, as well as for its potential health benefits. It has been demonstrated that organosulphur derivatives account for the majority of the garlic anti-proliferative effects [4] . [5, 6] , whereas cells well equipped with antioxidants such as adenocarcinoma gastric cells (notably rich in glutathione peroxidase) or neuroblastoma cells overexpressing copper, zinc superoxide dismutase (SOD1) are resistant to DADS [5, 7] . Moreover, we evidenced that DADS commits cells to apoptosis through a mechanism involving a ROS-dependent activation of JNK/c-Jun signalling pathway. [8] [9] [10] [11] .
Among garlic organosulphurs with the highest anti-proliferative capacity, the water-soluble S-allyl cysteine (SAC) and S-allylmercaptocysteinecapacity to cause oxidative damage by increasing the production of reactive oxygen species (ROS). We have previously demonstrated that DADS exerts cytotoxic activity on neuroblastoma cells
Cytoskeleton is a dynamic component of the cell as it is involved in maintenance of cell shape, intracellular trafficking, cell division, cell migration and adhesion. Cytoskeleton represents one of the preferential targets of ROS due to the relative high abundance of oxydizable residues of its protein constituents. It has been demonstrated that oxidative stress causes both microfilaments and microtubules disruption owing to oxidative modifications of specific methionine and cysteine residues of actin and tubulin
Exposure of cells to pro-oxidants agents such as menadione, diamide or tert-butyl hydroperoxide results in disruption of microfilament network associated with the preferential oxidation of the conserved Cys
374 of actin [8, [12] [13] [14] . More recent evidence indicates that also carbonylation may play a role in loss of cytoskeletal function [9, 15] . [16] . Importantly, cytoskeleton and cytoskeleton-associated proteins has been found to have a fundamental role in the processes leading to either stress stimuli resistance or apoptosis. For example, the dramatic morphological changes typical of apoptotic cells are due to a complete reorganization of the cytoskeleton, ensuring the orchestrated breakdown of the cell into apoptotic bodies and the maintenance of intact plasma membrane [17, 18] [19] [20] [21] . Detachment of microtubulesassociated Bim from cytoskeleton is essential for its pro-apoptotic activity into mitochondria [22] ; the loss of interaction of NF-E2-related factor-2 (Nrf-2) with the actin-anchored protein Keap1 leads to its nuclear localization and transcription of several cytoprotective and antioxidant genes that enhance cell survival [23] ; the tyrosin kinase c-Abl, which has been found to associate with filamentous actin and to have a role in cell motility, inhibits cell differentiation and promotes apoptosis in response to genotoxic stress [24] . Moreover, abnormal phosphorylation of the microtubules-associated protein Tau has been now established to have a causative role in the processes leading to neuronal apoptosis in a variety of neurodegenerative diseases called tauopathies [25] .
Moreover, ROS causes a rise in calcium concentration promoting dissociation of actin microfilaments as consequence of calpain-mediated cleavage of actinbinding proteins
. Degradation of cytoskeletal proteins such as actin or intermediate filaments due to calpains or caspases activity also plays a crucial role in apoptosis commitment
The use of cytoskeleton-disrupting agents in chemotherapy has been proposed as a strategy to selectively kill tumour cells [26] . Among the most used drugs, there are those belonging to the taxol-like group and Vinka alkaloids, which successfully perturb microtubules dynamics of proliferating cells [27] . In contrast, compounds targeting microfilaments, such as cytochalasins, display high cytotoxicity and for this reason are not currently employed in cancer treatment [28] . Several pieces of evidence suggest that apoptosis elicited by garlic derivatives is preceded by accumulation of cells in G2/M phase [4] [5] [6] 29] . Cell [30] [31] [32] [33] [34] . Disrupting effects on microfilaments have not been reported yet, however, allicin treatment causes perturbation of cortical actin polymerization in primary human T cells resulting in inhibition of cell migration [35] .
Tau is considered the main microtubules-associated protein responsible for microtubules assembly and stabilization in cells of neuronal origin [36] . Deregulation of its function through altered phosphorylation on Ser or Thr residues has been claimed as the principal cause of cytoskeleton disruption in a number of neurodegenerative disease named tauopathies [25] . Recently, the involvement of Tau in microfilaments stabilization through a cross-linking mechanism has been also identified [37] . Tau cleavage and/or change in its phosphorylation state are important early factors in the failure of the microtubule network that occurs during neuronal apoptosis [38, 39] or upon treatment with microtubules poisons commonly used in cancer therapy [40] [41] [42] .
In 
Determination of protein carbonylation
Statistical analysis
The results are presented as means Ϯ S.D. Statistical evaluation was conducted by ANOVA, followed by the post hoc Student-Newman-Keuls. Differences were considered to be significant at P Ͻ 0.05. [5, 6] . 
Results
DADS induces cytoskeletal alterations in SH-SY5Y cells
Previously we demonstrated that DADS induces oxidative stress, cell cycle arrest and apoptosis in tumour cells of neuronal origin via a ROS-mediated activation of JNK/c-Jun signalling pathway
Fig. 1 DADS treatment induces alteration of cell morphology and microfilaments disruption in SH-SY5Y cells. (A) After 1-hr treatment with 50 M DADS, SH-SY5Y cells were fixed with paraformaldehyde and morphology was observed by light microscopy. (B) After 1-hr treatment with 50 M DADS, SH-SY5Y paraformaldehyde-fixed cells were incubated with AlexaFluor468-conjugated Phalloidin to stain F-actin and analysed by fluorescent microscope. Images reported are from one experiment representative of three that gave similar results. (C) SH-SY5Y cells were treated with 50 M DADS up to 6 hrs. At each time-point, cell pellets were used for separation of cytoskeletal and soluble or total proteins. Proteins were subjected to SDS-PAGE followed by Western blot analysis using an anti-actin antibody. Immunoblots reported are representative of four that gave similar results. Density of immunoreactive bands was measured by Quantity one software (Bio-Rad Laboratories). Data are expressed as means of actin/Ponceau Red
lines [50, 51] . Western blot analysis, using an anti-phospho-Bcl-2 (p-Bcl-2) antibody specifically recognizing the phosphorylated Ser70, revealed that p-Bcl-2 increased time-dependently (Fig. 3B ). [5] [6] [7] 29] [39, 52] Fig. 5B , none of the two inhibitors used were able to reconstitute the control Tau pattern. To confirm this result, cell lysates were also used for Western blot analysis using an antibody specific for the caspases-cleaved form of Tau. As positive control, we treated cells with the pro-apoptotic agent staurosporine, which efficiently induces Tau processing by caspase-3 during neuronal apoptosis [39] . As showed in immunoblot reported in Fig. 5C (Fig. 5D) Figure 5E shows that after DADS treatment Tau dephosphorylated bands increased in number and immunoreactivity. [55] [56] [57] . Indeed, PP1 can be activated directly by H2O2 [58] or by the redox-mediated dissociation of its inhibitory partners [59] . (Fig. 6C) (Fig. 7A) . As reported in Fig. 7B , cytofluorimetric analysis upon propidum iodide staining revealed that NAC was also able to completely prevent both G2/M growth arrest and apoptosis.
Superoxide is implicated in microfilaments and microtubules disruption
DADS is a pro-oxidant molecule able to rapidly increase intracellular ROS content and irreversibly damage cellular components including membrane lipids, nucleus and proteins
DADS induces PP1-mediated Tau dephosphorylation
On the basis of the results obtained on cytoskeletal disassembly, we asked whether Tau could be affected in the early hours after DADS administration. To this end, we analysed Tau protein by Western blot analysis using an antibody directed against all Tau isoforms and recognizing it independently on its phosporylation state. As showed in Fig. 5A, the monoclonal antibody recognized a major Tau band and a faint band at higher molecular weight. DADS treatment caused an early shift of the bands towards lower molecular weights, which remained constant for all the time-points screened. The appearance of low molecular weight forms of Tau has been frequently ascribed to many factors including dephosphorylation, calpains-or caspases-mediated cleavage
. We therefore investigated the possible involvement of calpains and caspases in Tau processing by treating SH-SY5Y cells with chemical inhibitors of these two proteases, specifically 20 M z-VADFMK and 10 M calpain inhibitor II. As evidenced in the immunoblot reported in
DADS-mediated ROS increase is responsible for Tau dephosphorylation
It has been established that PP1 is activated by oxidative stress leading to dephosphorylation of its substrates including Tau
The latter is a regulatory mechanism that mainly involves the binding of the inhibitor protein 2 (I-2), which can be reversed under oxidative stimuli by cdk5-mediated phosphorylation of I-2 [57, 60]. To assess whether cdk5 could be involved in the signalling pathway converging to Tau dephosphorylation, we carried out Western blot analysis of phosho-active cdk5 (p-cdk5). Figure 6A shows that DADS treatment was not associated with the induction of cdk5 phosphorylation, indicating that this kinase was not involved. Moreover, experiments carried out in the presence of the cdk5 inhibitor roscovitine demonstrated that Tau dephosphorylation was not prevented (Fig. 6B), thus excluding the influence of cdk5 on Tau phosphorylation in our experimental model. We then investigated whether JNK, which is strongly activated following DADS treatment [5], could be the up-stream mediator of tau dephosphorylation. Experiments carried out in the presence of the synthetic inhibitor of JNK (JNK inhibitor I) demonstrated that it did not prevent tau dephosphorylation (Fig. 6B). On the basis of these results, we attempted to analyse the possible direct participation of ROS on the route leading to Tau dephosphorylation. To test this hypothesis, we examined Tau in hSOD cells: contrarily to microtubules and microfilaments, SOD1 overexpression had no inhibitory effects on Tau dephosphorylation
HeLa cells, which do not have cytoskeletal-associated Tau protein, were treated with the same concentration of DADS. Figure 7C shows that these cells are less susceptible to DADS toxicity indicating that Tau could play a synergistic role in apoptosis commitment.
We previously demonstrated that differentiated SH-SY5Y cells were not committed to apoptosis by DADS treatment [6] .
Therefore, we analysed the effects of DADS on cytoskeleton network of SH-SY5Y differentiated with retinoic acid. We found that these cells were still sensitive to anti-cytoskeleton action of DADS as they underwent both microfilaments/microtubules disruption and Tau dephosphorylation (data not shown), indicating that cytoskeletal disrupting action of DADS could be more detrimental for proliferating cells.
Discussion
Anti-cancer drugs interfering with cytoskeletal dynamics are currently employed in chemotherapy and the most successful in
Fig. 5 DADS induces PP1-mediated Tau dephosphorylation. (A) SH-SY5Y cells were treated with 50 M DADS up to 6 hrs. At each time-point, cell pellets were lysed and total protein extracts were subjected to SDS-PAGE followed by Western blot analysis using an anti-Tau antibody recognizing Tau protein independently of its phosphorylation state and anti-␣-tubulin antibody as loading control. Immunoblots reported are from one experiment representative of four that gave similar results. (B) One hour before 50 M DADS treatment, caspase 3 inhibitor (zVADfmk) or calpain inhibitor II was added to culture medium and maintained throughout the experiment. After 3 hrs, cell pellets were lysed and total protein extracts were subjected to SDS-PAGE followed by Western blot analysis using an anti-Tau antibody recognizing Tau protein independently on its phosphorylation state and anti-␣-tubulin antibody as loading control. Immunoblots reported are from one experiment representative of four that gave similar results. (C) SH-SY5Y cells were treated with 50 M DADS for 6 hrs. Cell pellets were lysed and total protein extracts were subjected to SDS-PAGE followed by Western blot analysis using an anti-TauC3 antibody recognizing only its caspase 3-cleaved form and anti-␣-tubulin antibody as loading control. Six-hour treatment with 0.5 M staurosporine was used as positive control. Immunoblots reported are from one experiment representative of three that gave similar results. (D) One hour before 50 M DADS treatment, okadaic acid (OA) was added to culture medium and maintained throughout the experiment. After 3 hrs, cell pellets were lysed and total protein extracts were subjected to SDS-PAGE followed by Western blot analysis using an anti-Tau antibody recognizing Tau protein independently on its phosphorylation state and anti-␣-tubulin antibody as loading control. Immunoblots reported are from one experiment representative of three that gave similar results. (E) SH-SY5Y cells were treated with 50 M DADS up to 6 hrs. At each time-point, cell pellets were lysed and total protein extracts were subjected to SDS-PAGE followed by Western blot analysis using an anti-Tau1 antibody recognizing only Tau dephosphorylated forms and anti-␣-tubulin antibody as loading control. Immunoblots reported are from one experiment representative of three that gave similar results.
inhibiting proliferation without affecting cytoskeleton of normal cells are those targeting microtubules and impeding mitotic spindle assembly [28] . As previously suggested, some organosulphur garlic compounds including DADS exert anti-mitotic effects that nicely resembles those of the most used anti-microtubules agents such as nocodazole and Vinca alkaloids [30] [31] [32] [33] 61] [36, 63] . Tau function is regulated by a serine/threonine phosphorylation mechanism involving the concerted activity of specific kinases and phosphatases [59, 64] . Abnormal accumulation of hyperphosphorylated and dephosphorylated forms of Tau are associated with several tauopathies and neuronal apoptosis, respectively [25, 38, 39, 64] . It has been demonstrated that microtubules disassembly is necessary for Tau dephosphorylation to occur and this event precedes the apoptosis execution phase [65] 
Another unexplored event that we evidenced was the capacity of DADS to affect Tau state. This microtubules-associated protein is largely expressed in neurons and is involved in assembly and stabilization of microtubules
